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Abstract 
 
     Compact model for expressing turn-off waveform for advanced trench gate IGBTs is proposed even under 
high current density condition. The model is analytically formulated only with device structure parameters so that 
no fitting parameters are required. The validity of the model is confirmed with TCAD simulation for 1.2 kV to 
6.5 kV class IGBTs. The proposed turn-off model is sufficiently accurate to calculate trade-off curve between 
turn-off loss and saturation collector voltage under extremely high current conduction, so that the model can be 
used for system design with the advanced trench gate IGBTs. 
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1. Introduction: 
  
Advanced IGBTs with the special scalable 
miniaturization of the structure exhibit feature of 
extremely high current conduction capability thanks 
to high stored carrier in the N-Base layer (see Fig. 1) 
[1-4]. The IGBT scaling principle is similar, however 
it is different from the general CMOS scaling 
principle [5]. The principle realizes both shallower 
cathode structure and higher electron injection 
efficiency than the conventional structure. It leads 
higher carrier concentration in the emitter side and 
lower saturation collector voltage. 
Since the commercialization of the IGBT, 
semiconductor industries have made great 
technological advancement in improving device 
performance [6-17]. Especially current density of the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Advanced trench IGBT with the special miniaturized 
structure[1-4]. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IGBT has increased for more than 25 years (see Fig. 
2). The improvement has been  
achieved by optimizing device cell pattern, 
introducing trench gate structures, and optimizing 
vertical IGBT structure. 
We already proposed analytical model for the on-
state of the advanced IGBT in previous research [1-3]. 
The compact model eliminates the fitting parameters 
in the model equations and only uses the device 
structure parameters. This concept enables the new 
model to be used in extreme condition and expands 
the compact model function from circuit optimization 
to circuit device coupled optimization since the 
model can applicable for wide range of device 
structure. 
In this paper, we propose new formulation for the 
high current turn-off of the advanced IGBT 
considering the dynamic avalanche phenomena. In 
order to predict the trade-off curve between saturation 
collector voltage and turn-off loss, high current turn-
off characteristics are required in addition to the 
analytical model for the on-state. The dynamic 
avalanche phenomena can occur during high current 
turn-off transient so the compact model for the 
advanced IGBT switching needs to include the 
dynamic avalanche phenomena in the formulation 
since the phenomena affects the turn-off losses and 
dynamic collector voltage waveform [18]. 
 
2. New formulation of IGBT turn-off 
 
The turn-off waveform is analytically modelled 
considering dynamic avalanche phenomena during  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
high current turn-off. When the dynamic avalanche 
starts, generated electrons compensate the electric 
field in the N-Base so dVc/dt is lowered than before 
dynamic avalanche (see Fig. 3). The detail of 
proposed model formulations for the high current 
turn-off of the advanced IGBT is in the secession 2.1 
and 2.2. The turn-off model has been verified by 
comparing with TCAD simulation in the secession 
2.3. 
 
2.1. New formulation before dynamic avalanche 
 
Electric field in the N-Base layer before dynamic 
avalanche is simply expressed by Poisson equation 
as bellow. 
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where, E is electric field,  q is charge of electron, ε is 
silicon’s permittivity, ND is N-Base concentration, 
Jp_D is hole current density in the depletion layer, vsp 
is hole saturation velocity, W is depletion layer length. 
Hole current density Jp_D is equal to total current 
density (Jp_D=JC). Thus 
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Turn-off collector voltage Vc is expressed as 
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Substituting Eq. (2) into Eq. (3), yields 
 
Fig. 2. Evolution of IGBT technology over the last 20 years[6,7]. 
 
Fig. 3. Relation of carrier distribution and electric field 
during the high current turn-off. The dynamic avalanche 
occurred in turn-off transient. 
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Collector voltage VC waveform can be calculated 
by Eq. (4). In this equation, W can be obtained by 
integration of dW/dt as below. 
 
Before dynamic avalanche, we assume that no 
electron current flows in the depletion layer from n-
channel. So electron current density in the stored 
carrier Jn only affects the expansion of depletion layer 
(see Fig. 4), so the expansion of the depletion layer is 
expressed as 
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where, W is depletion layer length, q is charge of 
electron, Jn is electron current density in the stored 
carrier, n(x) is stored carrier concentration of N-Base 
region. The depletion layer length W is obtained by 
integration of Eq. (5) for Eq. (4). In this equation, Jn 
can be obtained as below 
 
The electron current density Jn and hole current 
density Jp in the stored carrier is expressed by next 
elementary formula. 
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where, μn and μp are electron and hole mobility, Est is 
electric field in the stored carrier, k is Boltzmann 
constant, T is temperature. 
In conductive modulation condition, n(x) = p(x) 
can be assumed. Adding Eq. (6) and Eq. (7), 
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Total current density Jc is sum of electron current 
density Jn and hole current density Jh (Jc=Jn+Jp). So 
Eq. (8) is expressed as 
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Substituting Eq. (9) into Eq. (6), yields 
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Eq. (10) expresses the electron current density in 
stored carrier Jn for Eq. (5). If the differential of 
initial carrier distribution dn/dx is constant, the 
electron current density Jn is also assumed as constant. 
 
2.2. New formulation after dynamic avalanche 
 
Differential of turn-off voltage dVc/dt after 
dynamic avalanche can be expressed as 
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Collector voltage VC waveform can be calculated 
by integration of Eq. (11). Critical electric field for 
dynamic avalanche Ecrit is almost determined by 
material. 
 
Differential of depletion layer dW/dt after the 
dynamic avalanche can be expressed by electron 
current densities in the depletion layer and stored 
carrier (see Fig. 5). 
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where, Jn_D is electron current density in depletion 
layer. In the equation, Jn can be obtained by Eq. (10) 
and Jn_D can be obtained as below 
 
Critical electric field for dynamic avalanche is 
expressed by Poisson equation using the current 
densities of Jn_D and Jp_D in the depletion layer. 
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where, Ecrit is critical electric field, vsn is electron 
saturation velocity in the depletion layer. 
 
Fig. 4. Turn-off mechanism before dynamic 
avalanche and the formulation. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the depletion layer, hole current density Jp_D is 
expressed by 
DnCDp JJJ __                             (14) 
Substituting Eq. (14) into Eq. (13) and deforming 
the equation, Jn_D can be obtained as 
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In this equation, W can be obtained by integration 
of Eq. (12). 
 
2.3. Turn-off voltage waveform by new formulation 
combination 
 
The turn-off model has been successfully verified 
by comparing with TCAD turn-off simulation for 
variety of initial carrier distribution in the N-Base and 
blocking voltage class (see Fig. 6). The analytical 
waveform is calculated by “Excel” (spreadsheet 
application) as linearly-approximated carrier 
distribution from TCAD simulation because we 
assume the lifetime is sufficiently long. Since the 
most of electric field during turn-off is sufficiently 
high to reach saturation velocity, we use constant 
saturation velocity for calculation (see Appendix). 
The conditions of the analytical calculation and the 
TCAD simulation are listed in the Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 1.2 kV IGBT(k=1, Jc=400A/cm2). 
(b) 
3.3 kV IGBT (k=1, Jc=200A/cm2).  
 
(c) 6.5kV IGBT (k=1, Jc=100A/cm2).  
Fig. 6. Turn-off waveform calculated by the 
proposed model formulation. 
 
Fig. 5. Turn-off mechanism after dynamic 
avalanche the formulation. 
Table 1 
Parameters using analytical model and T-CAD 
simulation (k=1) 
 
Parameters  
Half cell pitch 8.0μm 
Half mesa width 1.5μm 
Gate oxide thickness 0.1μm 
Electron mobility 1417 cm2/Vs 
Hole mobility 470.5 cm2/Vs 
Intrinsic carrier density 1.18×1010 cm-3 
 
The turn-off waveform is acquired by following 
circuit condition. Gate resistance and stray inductance 
are 0.1and 0.01H respectively. DC voltage is 
around a half of blocking voltage. Current densities 
are 400A/cm
2
 for 1.2 kV class, 200A/cm
2
 for 3.3 kV 
class and 100A/cm
2
 for 6.5 kV class.  
 
 
3. Calculated trade-off curve with the proposed 
model  
 
Trade-off curve between turn-off loss Eoff and 
saturation collector voltage VCsat calculated by the 
proposed model is sufficiently accurate as shown in 
Fig. 7 for the scaling factor of k=1 and 5 and blocking 
voltage class of 1.2 kV to 6.5 kV. 
Saturation collector voltage VCsat is calculated by 
analytical model for the on-state. A turn-off loss 
before reaching DC voltage and after reaching DC 
voltage is calculated separately.  Before reaching DC 
voltage, current is assumed to be constant. So the loss 
is calculated by the integration of the product of 
constant collector current density JC and collector 
voltage VC.  After reaching DC voltage, the loss is 
assumed to be product of remained stored charge in 
N-Base Qre and DC voltage VDC. The total turn-off 
loss is calculated by the sum of the losses. 
 
 
4. Conclusion 
 
Compact model for expressing turn-off waveform 
for advanced trench gate IGBTs is proposed under 
high current density condition. The model is 
analytically formulated only with device structure 
parameters. The validity of the model is confirmed 
with TCAD simulation. The proposed turn-off model 
is sufficiently accurate to calculate trade-off curve 
between turn-off loss and saturation collector voltage. 
The model can be used for system design with the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 1.2 kV IGBT 
 
(b) 3.3 kV IGBT 
 
(c) 6.5 kV IGBT 
Fig. 7. Trade off curve obtained by the 
proposed model comparing to TCAD results. 
advanced trench gate IGBTs. 
 
 
Acknowledgements 
 
The authors would like to thank Masahiro 
Tanaka for useful discussion of the compact model 
for advanced trench IGBTs. 
 
 
Appendix 
 
Electron and hole velocity with electric field 
during turn-off is shown in Fig. 8. The velocity is 
almost constant value around saturation velocity. 
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